abstract dubová m.: sodium in precipitation in a beech forest ecosystem in the Kremnické vrchy mts (western carpathians). Ekológia (Bratislava), vol. 33, no. 1, p. 36-47, 2014. we present data on sodium amounts reaching the forest soil surface at the Beech Ecological Experimental site Kremnické vrchy mts (western carpathians). sodium concentration and deposition were determined in precipitation and throughfall sampled from study plots. The mean annual sodium concentrations obtained on the two plots (cc -clear cut, c -control) were 0.16 (cc) and 0.19 mg l −1 (c). The values were the lowest among the base cations in precipitation. The trends in spring and annual concentrations were similar, in the 10th year after the intervention, identical. The possible cause is interception of precipitation in the stand and the ions tendency to absorb by beech leaf tissues. This may cause interception of precipitation in the stand and the tendency of beech leaf tissue to absorb sodium ions. also, the mechanism driving the ion exchange between K + and na + may cause lower sodium content in throughfall. on both plots, the sodium concentration in spring was somewhat higher than in other seasons of the other year: 0.04-0.42 (cc) and 0.07-0.76 mg l −1 (c). The trends of spring sodium concentration and deposition on c were decreasing. Plot cc in spring was the only case showing an increasing trend. The spring trends evidently reflected the fact that 10-12 years after the cutting intervention, natural regeneration and growth of beech stand occurred on both the plots. moreover, the mean winter and summer sodium deposition on both plots was low (0.02 kg), showing a decreasing trend. The autumnal deposition was 0.5 kg (cc) and 0.3 kg ha −1 (c). The total annual sodium amount reaching the forest soil surface was lower on c (0.9 kg) than on cc (1.2 kg ha −1 year −1
Introduction
sodium is an abundant element in the earth's crust. Its percentage (2.8%) is more than that of potassium (2.6%) and magnesium (2.1%). The range of sodium content in soil is 0.5−1.4% (Bublinec, mihálik, 1997) , with the lower value being more frequent in soils formed from carbonates and the upper value in soils from alumino-silicates. among rocks, those very rich vol. 33, no. 1, p. 36-47, 2014 doi:10.2478/eko-2014-0005 in sodium are feldspars, primarily albite (6−11% na 2 o). In nature, sodium can be generated by cation exchange between calcium (ca 2+ ) and sodium (na + ) if water contacts certain clay minerals. sodium is released into water by weathering of some alumino-silicates, in which it occurs as a univalent cation, but can also product ionic associates It occurs in them as a univalent cation, but can also form ionic associates (grouping several sodium ions) (noskovič, 2010) . sodium never occurs alone in nature; it is only embedded in compounds, most frequently as sodium chloride (nacl) -the primary natural resource of sodium. sodium salts are easily soluble in water and sodium chloride is an inseparable component of natural waters (remy, 1961) . as for its quantity in atmospheric precipitation, sodium is generally the fourth after potassium, calcium and magnesium (Bublinec et al., 1998) . despite its lower presence in precipitation water, it acts, with other base cations (ca In phytochemistry, sodium is neither an essential nutrient nor an irreplaceable trace element (nováček, 1986) . Its average amount in woody plant biomass ranges within 30−100 ppm (Bublinec, 1992 (Bublinec, , 1994 . sodium is especially important for animals. more than twothirds of the total amount of this element occurs in animal body liquids; only one-third is bound in mineral compounds in bone tissues.
Base cations (ca
2+
, mg
, K + and na + ) represent a significant part of deposition delivered to the earth's surface from the atmosphere. unlike sulphur and nitrogen compounds, the first ones do not occur in the gaseous phase. sodium, together with other base cations, is deposited in wet and in dry way. wet deposition means delivery of base cations solved dissolved mainly in rain water, snow and mist drops. dry deposition means transport of base cations in the form of large airborne particulates and soft aerosols. among the particulates, sodium and calcium ions are generally dominant participating in the total cation flow up to 70% and more, with magnesium and potassium ions representing less than 15% of the total. In soft aerosols, the presence of sodium and calcium may reach 65% or more, while the sodium content may be 35%. The dry deposition of base cations consists of much less fine aerosols than coarse particles. The contribution of soft aerosols is about 10% or less; the remaining being represented by airborne particulates. The large particulates enter the forest ecosystems generally by sedimentation and the soft aerosols by turbulent mixing and diffusion through the stand's crown canopy (ragsdale et al., 1992) .
In maritime areas, sodium and chlorides in rainwater originate mainly in marine salt (nacl). In maritime areas, sea salt (nacl) is a major contributor of sodium and chloride in precipitation. In the inland, the rainfall chemistry is influenced by a wide range of natural and anthropogenic sources (weathering mineral dust, flying ash, anthropogenic emissions, leaching and flashing from leaves and vegetation). sodium is associated with some problems: with winter de-icing salts, it may enter the living environment. another anthropogenic sodium source is wastewater. From the viewpoint of environmental hygiene, sodium in water is not important.
The IcP Forests (Integrated cooperative Programme on assessment and monitoring of air Pollution Effects on Forests) defines measuring of atmospheric deposition of nutrients and pollutants as a critical issue. The focus is put on measuring and monitoring the influence of polluted air on forest ecosystems. For studying the long-term influence of natural and an-thropogenic sources on forest ecosystems, the throughfall method has been recommended working with parallel sampling of throughfall in forest stand and of bulk precipitation in open area near the forest (Thimonier et al., 2007 (Thimonier et al., , 2008 . tree crowns in forest stands are a huge recipient of atmospheric deposition. Interaction between atmospheric precipitation and the tree crowns alternates the precipitation chemistry (Parker, 1983; lovett et al., 1985) . This process is an important component of the nutrient cycle (Bublinec, 1991a (Bublinec, , 1999 . a part of atmospheric precipitation does not reach the forest soil surface directly. By passing through the tree crowns, it is transformed both physically and chemically (Bublinec, Kukla, 1994) . The chemical composition of the throughfall is different from the associated atmospheric precipitation (Bublinec, 1993) . In tree crowns, ion exchange takes place, together with dissolving and washing off the substances deposed and aerosols caught on the surface of the leaves, twigs and branches. leaching from the leaf and branch tissues is also possible (Bublinec, 1994) . The amount of washed off, dissolved and leached sodium depends on the stand species composition, meteorological conditions, season, as well as on the precipitation amount entering the forest ecosystem (Parker, 1983; lovett et al., 1985) . Physical and chemical properties of the throughfall are controlled by a range of factors, such as the stand type and age and health condition of trees. Beech stands respond to the influence of atmospheric deposition less sensitively than spruce stands. Beech trees show more resistance, as they are not exposed to deposition in the dormant season, unlike spruce trees loaded with deposed substances over the whole year (Polkowska et al., 2005) .
Material and methods
The research was carried out on five study plots of the Beech Experimental Ecological site (BEEs) of the Institute of Forest Ecology (IFE) in zvolen. The plot series was established in the year 1986, in the Kremnické vrchy mts (φ = 48°38˝n, λ = 19°04˝E) belonging to the western carpathian region. The series is situated in the upper part of the catchment area of the mountain stream Kováčovský potok. The stream is considered as ecologically unpolluted. By a cutting intervention (February 1989) , five model plots were obtained with the following density values: 0.0 − clear cut (cc), 0.3 − heavy intervention (hI), 0.5 -medium intervention (mI), 0.7 − light intervention (lI) and 0.9 − control (c). The BEEs is located on a mostly west-facing slope with an inclination of 15°, at an altitude of 480−510 m a.s.l. The slope is covered with a forest stand aged 80−110 years, with clearly dominant beech (Fagus sylvatica l.) trees, and an average stand height of 28 m. The bulk precipitation and throughfall have been sampled continually, since the series establishment, after each precipitation event from all the plots. The samples are analysed in the laboratories of the IFE. The concentration of sodium ions is determined by atomic emission spectrophotometry by burning air acetylene at a wavelength of 589.0 nm, with using a sodium hollow cathode lamp. more data on the experimental site and precipitation sampling can be found in the works of Bublinec, dubová (1989 Bublinec, dubová ( , 1993 ; Kellerová, dubová (2002) ; Barna (2004) and Janík et al. (2011) .
Results and discussion
The primary focus of the research performed on BEEs study plots is on the bio-geochemical material cycles (nutrients and pollutants) in forest ecosystems . Besides the acid substances entering the forest stand from atmospheric deposition, base cations were also studied (ca . The research results for the first three cations have been published in our former works (Bublinec, dubová, 1993; Bublinec, 1996; dubová, Bublinec, 2002 dubová, Bublinec, , 2006 . In this contribution, we present data on sodium concentration and deposition for two study plots (cc -clear cut area and c -control) in the BEEs, obtained across 12 years after the intervention. The aim was to assess the amount of sodium entering the beech stand and reaching the forest soil. For beech, throughfall is supposed negligible uptake and leaching of sodium ions. In throughfall beech stand is supposed negligible receiving and leaching of sodium ions.
sodium deposition is calculated from precipitation totals (mm) and sodium concentration (mg l −1 ) measured in the sampled water (bulk precipitation and throughfall). It is given in kg na + per one hectare per year or season. The annual precipitation totals (mm) measured on the two beech study plots are illustrated in Fig. 1 . The precipitation totals on c are lower than on cc. The total annual precipitation trends show a moderate decline on both plots, which is also expressed by negative slope values (b) in the linear regression equation for cc (y = −17.9220x + 787.92) as well as for c (y = -6.7381x + 513.71). The cc shows a coefficient of reliability r 2 = 0.1502 and a regression coefficient r = 0.3876; the corresponding values for c are lower (r 2 = 0.0466; r = 0.2159). The annual precipitation totals across the 12-year study period ranged from 510 to 1040 mm (arithmetical mean 670 mm) on cc and from 350 to 720 mm (arithmetical mean 470 mm) on plot c (dubová, 1996, 2001 ). on both plots, the highest values were measured in the fifth year after the cutting intervention. This year (1994) stands second regarding the precipitation amount over the last 20 years (Faško, nieplová, 1995) , with the winter precipitation totals being 289 mm (in January 219 mm) on plot cc and 230 mm on c. This year (1994) was the second, the richest precipitation year in the period 1974 to 1994 (Faško, nieplová, 1995) . Precipitation totals in the winter of year 1994 reached 289 mm (in January 219 mm) on plot cc and 230 mm on c. The beech crowns in the stand intercepted precipitation. comparing the mean annual values of precipitation totals (arithmetical mean) over the 12-year study period, we can see a significant difference showing evidence for a noticeable (almost 30%) interception of precipitation water in the beech forest stand. The values of precipitation totals (mm) on the BEEs study plot series with scaled density demonstrate an increase in the overall interception of atmospheric precipitation 5 (and 10) years after the intervention (1989) with the following values on particular plots: 9.4 (10.2)% on hI, 23.6 (26.2)% on mI, 35.1 (35.4)% on lI and 36.5% on c (dubová, 1996, 2001; tužinský et al., 2011) .
The concentration values (weighted means) serving for assessment of sodium deposition were calculated for separate years (december-november) and seasons: winter (decemberFebruary), spring (march-may), summer (June-august) and autumn (september-november). The basic statistical characteristics were derived by descriptive statistics, graphical representation was used for the dynamics and linear trend for sodium concentration and deposition. The coefficients of linear regression equations (a, b), coefficient of reliability (r 2 ) and regression coefficient (r) for the seasons and year are summarised in table 1 (sodium concentration) and table 2 (sodium deposition). The histograms illustrate the frequency of sodium concentration and deposition on both plots. The most frequent value of annual sodium concentration recorded on cc was about 0.20 mg l −1 (n = 7), on c about 0.26 mg l −1 (n = 7). The most frequent values of annual sodium deposition on cc were two: 0.9 kg (n = 4) and >1.4 kg na + ha −1 year −1 (n = 4). The value of this variable in the original forest stand was about 1.3 kg na + ha −1 year −1 (n = 6). The range of annual sodium concentration was 0.07-0.27 mg l −1 (cc) and 0.07-0.35 mg l −1 (c). Both plots manifested decreasing trends for this variable (Fig. 2) . The decrease on cc was slower, which resulted in crossing the trend lines of the two plots in the 10th year. In this way, the natural regeneration and growth of the beech stand on the study plots 10-12 years after the silvicultural intervention have been demonstrated. Both the original stand (c) and the cc exhibited forest cover with varying density. ) and trends on BEEs plots over 12-year study period. ) and trends on BEEs plots over 12-year study period. ) and trends on BEEs plots over 12-year study period. ) and trends on BEEs plots over 12-year study period.
The sodium concentration trends show differences between the seasons. The winter, summer and autumnal trends were decreasing on both plots, with negatives slopes of linear regression lines (b) (table 1). a moderate decrease (b = −0.0091) was also observed on c. The only exception was the trend on cc with a very small positive b value of 0.0060 (table 1) . The winter and summer sodium concentrations on the two plots show similar trends. The winter values ranged from 0.02 to 0.34 mg l −1 (cc), and to 0.33 mg l −1 on c (Fig. 3) . In summer, it was from 0.03 to 0.34 mg l −1 (cc) and from 0.02 to 0.45 mg l −1 on c (Fig. 5) . The spring sodium concentration on both plots was somewhat higher than in the other seasons: from 0.04 to 0.42 mg l −1 (cc), and from 0.07 to 0.76 mg l −1 (c). In spring, there may occur leaching of young beech leaves very sensitive to leaching because of their thin, not completely developed cuticle (van Ek, draaijers, 1994) . The spring trends are very similar to the annual trends, and a strong convergence was observed 10 years after the cutting intervention (Fig.  4) . The trend of autumnal sodium concentration was different from the dynamics in the other seasons (Fig. 6) . The higher sodium concentration in the sixth (0.42 mg l ) influenced the trend on cc. The autumnal sodium concentration in the study period ranged from 0.06 to 0.50 mg l −1 (cc) and from 0.08 to 0.36 mg l −1 (c).
The mean annual sodium concentration (n = 12), representing 0.16 mg l −1 (cc) and 0.19 mg l −1 (c) have also been evaluated. These values may be considered as the background values. The seasonal sodium concentration on cc compared to c is also lower in winter, spring and summer. on the other hand, the autumnal values are lower in the throughfall (forest stand). The two plots manifested only small differences in the mean annual and seasonal concentrations (0.03−0.07 mg l −1
). The sodium concentration in the throughfall at BEEs was the lowest from all the base cations, ranked as follows: potassium, calcium, magnesium and sodium.
The lowest and the highest values of annual sodium deposition over the 12-year study period determined the deposition range on cc and c as 0.37 and 1.96 kg and as 0.25 and 1.82 kg na + ha −1 year −1
. on both plots, the highest sodium deposition values were obtained in the fifth study year -the most abundant in precipitation. The lowest values were recorded on cc in the 10 th year and on c in the 8 th year after the silvicultural intervention. The dynamics and trend of annual sodium deposition are given in Fig. 7 . The trend is decreasing on both plots, which is evident from negative slope values (b) in the corresponding linear regression equations (table 2). The decreasing trend of deposition in the completely closed stand was also accelerated by the decreasing trend in precipitation totals in the period discussed. The trends show that the annual amounts of sodium deposition on the two plots converge. similar trends were also found for annual deposition of potassium (dubová, Bublinec, 2006 ). These facts demonstrate that 10 years after the intervention, the original beech forest stand (control plot) and cc with developing stand cover exhibit changes in their density and structure. The regenerating beech stand on the former clear-cut plot has grown and reached the same density as the stand in rotation maturity on the control plot . ) and trends on BEEs plots over 12-year study period.
The minimum seasonal sodium deposition in winter was 0.03 kg on both plots. The maximum values were 0.97 kg (cc) and 0.75 kg na + ha −1 on control plot. on both plots, the values were very low and very similar (Fig. 8) . The only exception was the deposition in the fifth evaluated year higher than in the other years. on the other hand, these winter deposition values allow us to exclude sodium sources, either natural or anthropogenic, in the BEEs ecosystem. The minimum sodium deposition values in spring were 0.11 kg (cc) and 0.08 kg na + ha −1 (c).
The maximum values were 0.43 kg (cc) and 0.33 kg na + ha −1 (c). The ) and trends on BEEs plots over 12-year study period. spring sodium deposition values are somewhat scattered, being higher on cc than on c in most years. a distinct increase in deposition on cc could be detected since the eighth year from the cutting intervention (Fig. 9) . The slope of linear regression coefficient is positive (b = 0.0025). while the trend on c is decreasing (b = −0.0570), the opposite holds for cc. The spring pattern clearly reflects the presence of natural regeneration and growing beech stand which is getting more and more closed and changing its density. young spring beech leaves are covered with a thin, not fully developed cuticle, and as such, they are prone to leaching (van Ek, draaijers, 1994) . In the beech natural regeneration on cc, a rise in sodium deposition was manifested in 8-12 years after the intervention. similar to winter, the summer sodium deposition also exhibited decreasing trends on both plots (Fig. 10) . The values for the two plots were similar, ranging from 0.05 kg to 0.76 kg (cc) and to 0.60 kg na + ha −1 (c). The autumnal sodium deposition values manifested certain distinctive differences between the plots (Fig. 11) . The autumnal values of linear regression coefficients (a, b) as well as r 2 and r values were higher than the corresponding values for the other seasons (table 2) . The autumnal deposition range over the study period was from 0.12 to 1.19 kg na + ha −1 (cc) and from 0.06 to 0.62 kg na + ha −1 (c). The trends and amounts of deposition exhibit differences between the seasons. The winter and summer deposition values on the two plots are similar and low, the trends decreasing. For the spring season, the sodium deposition on cc shows an increase, representing the only case of positive value of the coefficient b (0.0250) in the linear regression equation (table 2) . on plot c, we can see a slight drop in the trend.
The mean annual sodium deposition across the study period was 1.2 kg (cc) and 0.9 kg ha −1 year −1 (c). The winter and summer deposition was the same for both plots ( ). The mean sodium concentration in autumn on cc was higher than on c. The autumnal sodium deposition represents the maximum among the years seasons.
The ratio between the deposition in the throughfall and in clear cut has been given the name of crown impact coefficient (cIc). This parameter was calculated from sodium deposition on control plot and on clear-cut plot (c:cc) in the beech stand. The mean cIc value over the 12-year study period ranged from 0.6 (spring and autumn) to 1.0 (winter and summer), with a mean annual value of 0.8. we can see that the sodium amount (mean annual value) delivered in the throughfall to the forest soil in the original forest stand (control plot) was lower than the sodium amount brought by atmospheric precipitation on the soil surface on clear-cut plot. This may indicate some sodium ion uptake by beech leaf surface. The mean annual value obtained at the BEEs for potassium ions (cIc = 2.0) is higher than for sodium. Potassium is a very mobile element. By leaching, it can easily release its physical and chemical bonds with the surface of as well as inside plant vegetation organs (dubová, Bublinec, 2006). cappelatto and Peters (1995) , conducting experiments for exploring interactions of sodium and chloride ions with the leaf surface in oak (Quercus robur l.), observed that chlorides were inert in this interaction. contrarily, sodium ions tended to adsorb on the leaf surface and/or absorb by tissues inside the leaf (raebild, 1998) . several experiments focused on intensity of retention of aerosols on plant surface demonstrated that the intensity of particles trapping on the leaf surface may range from 10 to 90%, in dependence on the plant species, probably due to differences in the leaf microstructure. leaching is associated with some losses affected by the leaf physiology and by chemical processes taking place on the leaf surface. The dynamics and molecular mechanisms driving the uptake of potassium as an essential nutrient and sodium ions are tightly interlocked, hence sodium can easily replace potassium in the plant cells. In such a way, physiological processes may be restricted. In general, it holds that the absorption of a specific ion is reduced when the concentration of another ion in the external environment rises. For example, sodium and potassium ions tend to be efficient inhibitors for all the other ions (reinap et al., 2010) . The leaching of potassium peaks at the beginning and towards the end of growing season, because young spring leaves covered with thin, not full developed cuticle, as well as autumnal ageing leaves are especially susceptible to leaching (van Ek, draaijers, 1994) . leaching with precipitation water with low sodium concentration can cause only small sodium losses to forest stands (reinap et al., 2010) . The mechanism of ion exchange between K + and na + may be the underlying cause of lower sodium deposition in the throughfall on control plot than on clear-cut plot. This fact can also explain why cIc values calculated from the sodium deposition in the beech ecosystem over the 12-year study period were lower in spring (0.7) and autumn (0.6).
In high concentration, sodium ion is toxic for most plans. Its toxicity is multifactorial, encompassing osmotic stress, inhibition of vital enzymes and competition with potassium ion (Bublinec, 1984 (Bublinec, , 1991a (Bublinec, ,b,c,d,e, 1997 mäser et al., 2002; raebild, 1998) . In this context, the low sodium concentration and deposition values determined in precipitation and throughfall at BEEs indicate that the beech forest at the site may be considered as ecologically clean, not affected by sodium pollution of anthropogenic origin.
Conclusion
sodium, as an alkaline component of precipitation water, neutralises acid environment in forest ecosystems and alleviates the effects of acid precipitation. samples of precipitation and throughfall for the evaluation of sodium concentration and deposition were taken on two plots (cc -clear cut and c -control) of the BEEs in each year and season across 12 years after cutting. The aim was to assess the amount of sodium entering the beech stand and reaching the forest soil surface.
among the base ions (ca ). The trends in annual sodium concentrations on the two plots are very similar to the spring trends on these plots. In both cases, the trends on the two plots converged together in the 10th year after the cutting treatment. The concentration values converted to deposition values show that the average sodium amount transported to the forest ground in the throughfall in the original beech forest stand (control plot) was less (0.9 kg) than that delivered with rainfall on cc (1.2 kg na + ha −1 year −1
). The cause may be the considerable interception in the forest stand and possible sodium uptake by beech leaves. sodium ions have a tendency to adsorb on the leaf surface and/or absorb into the leaf tissues. sodium can easily replace potassium in plant cells. It also follows that the mechanism of ion exchange between K + and na + may help to explain the lower sodium deposition in the forest stand (in throughfall) compared to cc.
The spring period is characterised by somewhat higher sodium concentration on both plots compared to the other seasons: from 0.04 to 0.42 mg l −1 (cc) and from 0.07 to 0.76 mg l −1 (c). The young spring beech leaves are covered with a thin, not completely developed cuticle, and as such, they are sensitive to leaching. The spring deposition on our study plots was from 0.11 to 0.43 kg (cc), and from 0.08 to 0.33 kg na + ha −1 (c). The spring trends on c, both in sodium concentration and deposition, were decreasing. The only case when there trends were rising was plot cc in spring. The spring season clearly reflected the fact that 10-12 years after the cutting, natural regeneration and growth of beech is present not only on control plot but also on clear-cut plot -progressively overgrown and changing its density. The winter and summer were characterised by similar deposition values and decreasing trends on both plots. The winter deposition values ranged from 0.03 (both plots) to 0.97 kg (cc), and 0.75 kg na + ha -1 (c), the summer ones from 0.05 (both plots) to 0.76 kg (cc), and to 0.60 kg na + ha -1 (c). The autumnal differences between the plots were more distinct: 0.12 to 1.19 kg (cc) and 0.06 to 0.62 kg na + ha −1 (c).
The ratio of sodium deposition on control and clear-cut plot (c:cc) is called crown impact coefficient (cIc). The average cIc values over the 12-year study period were 0.6 (spring, au-tumn), 1.0 (winter, summer) and 0.8 (annual). This means that the sodium amount delivered with throughfall to the forest soil surface in the stand was lower than the amount fallen with rain and snow on plot cc. The mean annual cIc value for sodium was lower (0.8) than for potassium (2.0).
The experimentally obtained sodium deposition values suggest that the beech forest at the BEEs is ecologically clean. There have been detected no effects of sodium sources, either natural or anthropogenic. all the obtained values were low and can be considered as the background ones.
